Introduction
============

"Hyperthermia" refers to a treatment procedure in which body temperature is increased to a few degrees above physiological temperature, between approximately 41°C and 47°C.[@b1-ijn-10-1609] These high temperatures are reported to kill cancerous cells selectively and are thus useful in treating several types of cancer.[@b2-ijn-10-1609]--[@b4-ijn-10-1609] This effect is because of irregular and poor blood flow in the tumor that allows slow dissipation of heat, making cancerous cells more thermosensitive than normal cells.[@b5-ijn-10-1609] Taking advantage of this differential thermotolerance, whole body hyperthermia is used clinically to treat cancer. However, a major concern with this type of treatment is the lack of local and uniform heating in the tumor region.[@b6-ijn-10-1609] This is especially true for deep-seated tumors, where noninvasive external energy sources used for hyperthermia, such as warm water blankets, laser ablation, microwaves, and radiowaves, inevitably damage adjacent normal tissues.[@b6-ijn-10-1609],[@b7-ijn-10-1609] To overcome this problem, various strategies are being developed to achieve localized hyperthermia.

Radiofrequency (RF)-induced hyperthermia mediated by nanoparticles is a promising strategy for the treatment of cancer because RF energy can penetrate deeply into tissues. Using this method, nanoparticles that become excited on exposure to RF are deposited in the tumor to promote localized heating.[@b8-ijn-10-1609],[@b9-ijn-10-1609] The improved heating efficiency because of the nanoparticles results in lowering of the RF field to a safe range (100--400 kHz), thereby minimizing nonspecific heating of healthy tissues.[@b10-ijn-10-1609]

Among the different nanoparticles explored for hyperthermia, magnetic nanoparticles (MNPs) are of particular interest because of their many advantages. They can be targeted to tumor tissue using an external magnetic field[@b11-ijn-10-1609] and removed once therapy is completed. Further, they can be used in combined biomedical applications, such as hyperthermia and magnetic resonance imaging.[@b12-ijn-10-1609],[@b13-ijn-10-1609]

Application of MNPs in hyperthermia is based on their inherent property of heating upon exposure to an alternating magnetic field (eg, RF). The MNPs then dissipate the heat into the tumor tissue and selectively kill cancerous cells.[@b14-ijn-10-1609] The mode of cell death depends on the temperature used for treatment, the duration of hyperthermia, and the vulnerability of the cells to heat.[@b15-ijn-10-1609],[@b16-ijn-10-1609] Usually treatment at temperatures above 50°C (known as thermoablation) destroys tumor cells by necrosis, whereas treatment at a lower temperature (up to 47°C) results in apoptotic cell death.[@b17-ijn-10-1609] Therefore, controlling the temperature during treatment is important. This highlights the need to either monitor the temperature during treatment or develop MNPs that stop heating once the required temperature is reached.[@b18-ijn-10-1609]

Lanthanum strontium manganese oxide (LSMO; La~1--x~ Sr~x~MnO~3~) nanoparticles in a doping range of 0.2≤ × ≤0.3 are of much interest owing to their low Curie temperature, which ranges from 320 to 370 K (47°C to 97°C), and their self-controlled heating properties.[@b19-ijn-10-1609],[@b20-ijn-10-1609]

Based on this rationale, we examined the possibility of using LSMO nanoparticles as a hyperthermia agent in the treatment of cancer. LSMO nanoparticles were coated with dextran sulfate to improve their bioavailability and lessen their toxicity.[@b21-ijn-10-1609] These dextran-coated (Dex)-LSMO nanoparticles were found to display a low Curie temperature (360 K) and self-controlled heating properties on exposure to RF.[@b22-ijn-10-1609],[@b23-ijn-10-1609]

To evaluate the efficacy of hyperthermia mediated by Dex-LSMO nanoparticles, we selected murine melanoma (B16F1) cells as a cancer model, since this cancer is reported to be resistant to conventional treatment such as chemotherapy.[@b24-ijn-10-1609]

Before treatment with hyperthermia, it was important to confirm that the Dex-LSMO nanoparticles themselves do not damage cells. We therefore evaluated the cytotoxicity of Dex-LSMO nanoparticles alone in various cell lines. As reported elsewhere,[@b21-ijn-10-1609],[@b23-ijn-10-1609] we have noted a cell line-dependent and concentration-dependent cytotoxic effect of Dex-LSMO nanoparticles. Nevertheless, coating of LSMO with dextran could significantly reduce cytotoxicity as compared with bare LSMO.[@b21-ijn-10-1609],[@b23-ijn-10-1609],[@b25-ijn-10-1609] Based on our previous research, a Dex-LSMO concentration of 250 μg/mL was found to be safe in melanoma cells and therefore was used in further experiments.[@b25-ijn-10-1609]

The results of an internalization study was performed using fluorescence microscopy to investigate intracellular localization of nanoparticles.[@b25-ijn-10-1609] Cells incubated with fluorescein isothiocyanate-conjugated Dex-LSMO nanoparticles showed rapid uptake of nanoparticles into the cytoplasm and nucleus. The observed internalization of Dex-LSMO nanoparticles could be important for delivery of therapeutic drugs directly into the intercellular compartment,[@b26-ijn-10-1609] cell tracking, and contrast enhancement in magnetic resonance imaging.[@b25-ijn-10-1609],[@b27-ijn-10-1609]

In our continued efforts, we evaluated induction of heat shock proteins (HSPs) in melanoma cells at different time points (ie, 0, 2, 4, 8, 12, 24, 48, and 72 hours) after treatment with hyperthermia at 43°C.[@b21-ijn-10-1609] RF-induced Dex-LSMO-mediated hyperthermia resulted in enhanced induction of HSPs as compared with incubator hyperthermia (a model mimicking conventional whole body hyperthermia).[@b21-ijn-10-1609] However, the mode of cell death and outcome of Dex-LSMO-mediated hyperthermia at temperatures higher than 43°C was not explored in those experiments. Thus, in the present work, we investigated the in vitro efficacy of Dex-LSMO-mediated hyperthermia at temperatures above 43°C (ie, 45°C and 47°C). The results are compared with hyperthermia at 43°C in terms of cellular morphology, mode of cell death, and induction of HSPs. We intend to use this information to select parameters for treatment of melanoma in our future in vivo studies.

Materials and methods
=====================

Materials
---------

A murine melanoma (B16F1) cell line was obtained from the National Center for Cell Sciences, Pune, India. Dulbecco's Modified Eagle's Medium, fetal bovine serum, Hoechst 33342, and a Click-iT^®^ terminal deoxynucleotidyl transferase-dUTP nick end labeling (TUNEL) Alexa Fluor^®^ 594 Imaging Assay kit were obtained from Invitrogen (Grand Island, NY, USA). Antibiotic--antimycotic solution (100×) and trypsin phosphate versene glucose were sourced from HiMedia Laboratories (Mumbai, India). Trypan blue, a GenElute Mammalian Genomic DNA Miniprep kit, radioimmunoprecipitation buffer, protease inhibitor cocktail, paraformaldehyde, standard heat shock proteins 70 and 90 (HSP70 and HSP90, respectively) and monoclonal antibodies (mAb70 and mAb90) were sourced from Sigma--Aldrich (St Louis, MO, USA). Triton™ X-100 and bovine serum albumin were purchased from Sisco Research Laboratories (Mumbai, India). Horse radish peroxidase-conjugated anti-antibody and tetramethylbenzidine (TMB)-H~2~O~2~ substrate were obtained from Bangalore Genei (Bangalore, India). A Lambda DNA/EcoRI + HindIII marker was purchased from Thermo Fisher Scientific (Waltham, MA, USA).

Synthesis and coating of nanoparticles
--------------------------------------

LSMO nanoparticles were synthesized by a citrate-gel method from metal acetate hydrate precursors as described elsewhere,[@b28-ijn-10-1609] and were further coated using dextran sulfate sodium salt as explained in our earlier communication.[@b23-ijn-10-1609] Briefly, presynthesized LSMO nanoparticles (200 mg) were dispersed in 10 mL of double-distilled water and bath-sonicated for 30 minutes. An equal concentration of dextran sulfate was added to the dispersion of LSMO nanoparticles and sonicated for another 30 minutes. The resulting mixture was shaken overnight at room temperature, ie, \~25°C, to obtain Dex-LSMO nanoparticles.

X-ray diffraction
-----------------

Phase formation and the crystal structure of the LSMO sample were investigated using X-ray diffraction. Powder X-ray diffraction was performed with the help of a desktop X-ray diffractometer (Model MiniFlex II, Rigaku, Tokyo, Japan) with Cu Kα radiation (K value 0.9 and wavelength 1.5405 A°) and diffraction angle 2θ, ranging from 20° to 80°. The mean size of the crystallites was estimated using Scherrer's formula as shown below: $$T = K\lambda/(B\cos\theta)$$where T is the crystallite size, K is a constant, λ is the X-ray wavelength, B is the full width at half maximum of the diffracted peak, and θ is the angle of diffraction.

High-resolution transmission electron microscopy
------------------------------------------------

High-resolution transmission electron microscopy (HRTEM) was carried out to determine the shape and particle size of Dex-LSMO. Samples were drop-coated on carbon-coated copper microgrids and allowed to air-dry. Images were then acquired using HRTEM (model Tecnai-T30, FEI Company, Hillsboro, NJ, USA) at an accelerating voltage of 300 kV.

Fourier transform infrared spectroscopy
---------------------------------------

LSMO and Dex-LSMO nanoparticles were analyzed by Fourier transform infrared spectroscopy (Model Spectrum One, Perkin Elmer Inc, Waltham, USA) to confirm dextran coating over the LSMO core. Dextran sulfate was used as a reference for comparison of characteristic peaks. Powder samples were mixed with potassium bromide and spectra were recorded in the 4,000--500 cm^−1^ wave number range.

Vibrating sample magnetometry
-----------------------------

The magnetic moment of the nanoparticles was studied using a vibrating sample magnetometer (EG and G PAR 4500, Princeton Applied Research Corp, Princeton, NJ, USA). The magnetic moment was measured at room temperature (300 K), with an applied field (H) ranging from 0 to ±3,500 Oe.

RF-induced heating potential of Dex-LSMO nanoparticles
------------------------------------------------------

A high frequency generator (Model Hot Shot System 2, Ameritherm Inc, Scottsville, KY, USA) was used at a frequency of 365 KHz and a current of 700 A. The equipment consisted of a custom-made, water-cooled, five-turn spiral coil (Model ID 50 mm, Asetus Udyog, Bangalore, India) with an internal diameter of 50 mm. Various concentrations of nanoparticles (ie, 1, 5, and 10 mg/mL; total volume 1 mL) were prepared in phosphate-buffered saline (PBS), placed in the center of the coil, and exposed to RF. Increase in temperature was recorded up to 1,200 seconds using a fine spirit-filled thermometer. A plot of temperature versus time was drawn, and the specific absorption rate (SAR) value was calculated using the following formula: $$\text{SAR} = (C_{\text{solvent}}/X_{\text{magnetic~element}}) \times \left( {\text{dT}/\text{dt}} \right)$$where C~solvent~ is the specific heat capacity of water (4.18 J/gK), X~magnetic\ element~ is the weight fraction of magnetic nanoparticles in the sample (g/L), and dT/dt is the initial slope of the temperature (K) versus time (seconds) curve. The time period of the first 150 seconds was considered for calculating the slope.

Optimization of hyperthermia
----------------------------

For optimization, unseeded tissue culture flasks containing Dex-LSMO nanoparticles (250 μg/mL in 5 mL culture medium) were used. Hyperthermia was applied using a pancake-shaped copper coil (Model ID 14 mm, Asetus Udyog) attached to an RF generator (Hot Shot System 2, Ameritherm Inc, [Figure 1](#f1-ijn-10-1609){ref-type="fig"}). Several parameters, ie, power of the instrument, frequency of RF, and period of exposure were tested, and the temperature rise was measured by placing a spirit-filled thermometer inside the flasks (as shown in the inset to [Figure 1](#f1-ijn-10-1609){ref-type="fig"}).

The B16F1 cells (5×10^5^) were then seeded in 25 cm^2^ tissue culture flasks containing 5 mL of Dulbecco's Modified Eagle's Medium (supplemented with 10% fetal bovine serum and 1% antibiotic--antimycotic solution) and allowed to grow for 48 hours at 37°C in the presence of 5% CO~2~. Flasks not containing nanoparticles but exposed to RF served as the "RF" control. Culture flasks containing nanoparticles but not exposed to RF served as the "no RF" control.

Hyperthermia to B16F1 murine melanoma cells
-------------------------------------------

After growing the B16F1 cells (5×10^5^) in tissue culture flasks, a safe concentration of nanoparticles, ie, 250 μg/mL, was added to each flask to ensure that the Dex-LSMO nanoparticles per se do not cause cell death. The flasks were exposed to an optimized RF condition (365 kHz, input current 700 A, power 8,000 W) for a total time of 6, 8.5, and 11 minutes to increase the temperature from 37°C to 43°C, 45°C, and 47°C, respectively. After reaching the desired temperature, RF was switched off. To determine the effect of repeated cycles of hyperthermia, additional groups of cells were subjected to three cycles of hyperthermia at 15-minute intervals. All experiments were performed in triplicates.

Effect of hyperthermia on cell morphology
-----------------------------------------

Cell morphology was viewed at 0 hours and 24 hours after treatment with RF-induced Dex-LSMO-mediated hyperthermia using an inverted optical microscope (Model TS 100, Nikon, Tokyo, Japan). Topological changes were imaged using an atomic force microscope (AFM, Model MultiView-1,000, Nanonics Imaging Ltd, Jerusalem, Israel). AFM images were processed using WSxM software (version 4.0, Nanotec Electronica, Madrid, Spain).

Effect of hyperthermia on cell viability
----------------------------------------

Cell viability was assessed by the Trypan blue dye exclusion method at 0 hours and 24 hours after RF-induced Dex-LSMO-mediated hyperthermia. After treatment, cells were collected by trypsinization, centrifuged, and the cell pellet was resuspended in 1 mL of PBS. Next, 10 μL of the resulting cell suspension was admixed with 10 μL of Trypan blue (0.4% in PBS). The numbers of nonstained (viable) cells and stained (dead) cells were counted using a hemocytometer. Cell viability was then calculated by the following formula: $$\text{Viability}(\%) = \frac{\text{nonstained~cells}}{\text{Stained~cells} + \text{nonstained~cells}} \times 100.$$

Three independent experiments were performed. The results were interpreted as the ratio of viable cells after hyperthermia treatment to that of the no RF control.

Detection of cell death by DNA laddering assay
----------------------------------------------

Agarose gel electrophoresis was performed to assess the immediate (0 hours) and long-term (up to 48 hours) impact of RF-induced Dex-LSMO-mediated hyperthermia on induction of apoptosis. Cells were exposed to RF-induced hyperthermia. DNA was isolated from the heated cells at three different time points, ie, 0, 24, and 48 hours, using a GenElute Mammalian Genomic DNA Miniprep kit according to the manufacturer's instructions. Time points of 24 hours and 48 hours were included to allow DNA fragmentation to occur. Equal volumes of DNA samples (20 μL) were then loaded on 1% agarose gel (containing 5 μg/mL ethidium bromide in 1× Tris-acetate-ethylenediaminetetraacetic acid buffer, pH 8.5). Lambda DNA/EcoRI + HindIII was used as a marker and electrophoresis was carried out at 90 V for 1.5 hours. Fragments of DNA on the gel were then visualized under ultraviolet light.

Detection of cell death by TUNEL assay
--------------------------------------

To confirm the results of the DNA laddering assay and quantify the number of apoptotic cells, a TUNEL assay was performed using a Click-iT^®^ TUNEL Alexa Fluor^®^ 594 Imaging Assay kit.

For the experiment, 5×10^5^ cells were grown on coverslips placed in Petri plates. After 48 hours, the cells were exposed to RF-induced Dex-LSMO-mediated hyperthermia (43°C, 45°C, or 47°C). At 0 hours and after 24 hours of treatment, the cells were fixed with paraformaldehyde (4% solution in PBS) for 15 minutes and permeabilized with Triton X-100 (0.25% in PBS) for 20 minutes at room temperature. TUNEL staining followed, according to the manufacturer's protocol. Finally, the cells were counterstained with Hoechst 33342 for determination of the total cell number. Coverslips were mounted onto slides and observed using a fluorescence microscope (Model Eclipse E200, Nikon) under DAPI (excitation 330--380 nm, emission 435--485 nm for Hoechst) and tetramethylrhodamine (excitation 528--553 nm, emission 600--660 nm for TUNEL) filters. All images were captured at 400× magnification. The images were overlaid using Image-Pro plus software (version 6, Media Cybernetics Inc, Silver Spring, MD, USA) to confirm colocalization of the TUNEL signal with the nucleus.

To quantify the apoptotic cells, three independent cell counts (\~100 cells per coverslip) were taken and the percentage of apoptotic cells was calculated using the following formula: $$\text{Apoptotic~cells}(\%) = \frac{\text{TUNEL~apoptotic~cells}}{\text{Total~cells}} \times 100.$$

Effect of hyperthermia on HSP induction
---------------------------------------

Cells (5×10^5^) were grown in 25 cm^2^ culture flasks and exposed to hyperthermia. All the cells were then collected at 0 hours and 24 hours post treatment. Total protein was isolated using radioimmunoprecipitation buffer and protease inhibitor cocktail, according to the manufacturer's instructions.

Quantitative estimation of constitutive and inducible HSP70 and HSP90 was carried out by an indirect enzyme-linked immunosorbent assay method. Briefly, antigens (50 μL of isolated protein or HSP standards ranging from 2 to 15 μg/mL) were coated onto the surface of a 96-well microtiter plate at 4°C. On the following day, the wells were thoroughly washed with PBS. The remaining protein-binding sites in the coated wells were blocked by using blocking buffer (1% bovine serum albumin in PBS, 200 μL) and the plate was incubated at 4°C overnight. After thorough washing with PBS, 50 μL of monoclonal antibody at an optimized concentration (ie, 1:5,000 mAb70 or 1:2,000 mAb90 in blocking buffer) was added to the respective wells and the plate was incubated at room temperature for 2 hours. Wells were washed with PBS containing 0.05% Tween 20. Next, 50 μL of horseradish peroxidase-immunoglobulin G (1:5,000 in blocking buffer) was added to each well and incubated at room temperature for 2 hours. After thorough washing, 50 μL of substrate (TMB-H~2~O~2~) was added to each well and allowed to react in the dark for 30 minutes. Finally, the reaction was stopped by adding 12% H~2~SO~4~ (50 μL), and absorbance was read at 450 nm using a microplate reader (Model Synergy HT Multi-Mode, BioTek Instruments Inc, Winooski, VT, USA). The data were used to produce standard plots for HSP70 and HSP90. The concentrations of HSPs in the samples were then measured using standard plots and normalized to the cell numbers collected at the end of the treatment. The data are shown in picograms of HSP per cell.

Statistical analyses
--------------------

The results are shown as the mean ± standard error of the mean of three replications. The statistical analysis was performed using one-way analysis of variance followed by Dunnett's multiple comparison test. A value of *P*\<0.05 was considered to be statistically significant.

Results and discussion
======================

X-ray diffraction
-----------------

The well-resolved peaks shown in [Figure 2](#f2-ijn-10-1609){ref-type="fig"} could be indexed to the respective profiles of the interlattice plane distances d (hkl) of LSMO (JCPDS 47-0444), suggesting cubic symmetry of the crystal. No extra peaks were found, suggesting correct phase formation and phase purity of LSMO. The broad peaks in the X-ray diffraction spectrum pointed to a fine particle nature of LSMO. The size of the LSMO crystallite estimated by Scherrer's formula was \~20 nm.

High-resolution transmission electron microscopy
------------------------------------------------

As reported earlier,[@b25-ijn-10-1609] HRTEM images showed an irregular or nearly spherical shape of Dex-LSMO nanoparticles ([Figure 3](#f3-ijn-10-1609){ref-type="fig"}). A uniform layer of dextran around the LSMO core could be clearly observed (black arrows in [Figure 3](#f3-ijn-10-1609){ref-type="fig"}). The size of the Dex-LSMO nanoparticles was in a narrow range between 25 nm and 50 nm.

Fourier transform infrared spectroscopy
---------------------------------------

The Fourier transform infrared spectra obtained are shown in [Figure 4](#f4-ijn-10-1609){ref-type="fig"}. Both LSMO and Dex-LSMO spectra exhibited a characteristic band of Mn-O stretching (at 600 cm^−1^) assigned to metal-oxygen bonds.[@b29-ijn-10-1609] In the case of dextran sulfate, characteristic features at 1,100 cm^−1^ (C-O), 1,300 cm^−1^ (C-O), 1,650 cm^−1^ (C-O), 2,085 cm^−1^ (C-CH), 2,500 cm^−1^ (O-H), 2,950 cm^−1^ (C-H), and 3,500 cm^−1^ (O-H) could be seen. The strong O-H band at 3,500 cm^−1^ in the dextran sulfate spectrum weakened in the Dex-LSMO spectrum. That suggests possible electrostatic interaction of LSMO with dextran via O-H groups. In comparison with bare LSMO, additional peaks at 1,300 cm^−1^ and 1,650 cm^−1^ (C-O) in Dex-LSMO suggested dextran coating.

Vibrating sample magnetometry
-----------------------------

It can be seen from the M-H curve ([Figure 5](#f5-ijn-10-1609){ref-type="fig"}) that the magnetic moment of the synthesized nanoparticles saturated at \~3,000 Oe. The saturation moment was found to be \~27 emu/g for bare LSMO and \~21 emu/g for Dex-LSMO nanoparticles. The lower saturation moment of Dex-LSMO could be attributed to their smaller size and the influence of coating on magnetization of the nanoparticles. Such magnetization drops have been reported after coating of LSMO with octadecylamine[@b30-ijn-10-1609] or coating of iron oxide nanoparticles with silica.[@b31-ijn-10-1609] Hysteresis loops (inset to [Figure 5](#f5-ijn-10-1609){ref-type="fig"}) revealed that LSMO and Dex-LSMO were predominantly ferromagnetic at room temperature. Importantly, the coercivity was found to be very small (less than 100 Oe), which could be due to the very small size of the particles.

RF-induced heating potential of Dex-LSMO nanoparticles
------------------------------------------------------

As can be seen in [Figure 6](#f6-ijn-10-1609){ref-type="fig"}, a concentration-dependent increase in temperature was observed upon exposure to RF, which was more pronounced within the first 300 seconds. The temperature of the Dex-LSMO nanoparticles at concentrations of 5 and 10 mg/mL rose to \~46°C within 300 seconds and 150 seconds, respectively, and then remained constant up to 1,200 seconds, suggesting "self-controlled" heating properties.

The estimated SAR value for Dex-LSMO at a concentration of 5 mg/mL was 23 W/g. The obtained SAR value is comparable with that reported for LSMO nanoparticles in the literature.[@b29-ijn-10-1609],[@b32-ijn-10-1609]

Optimization of hyperthermia
----------------------------

As can be seen from [Figure 7](#f7-ijn-10-1609){ref-type="fig"}, cell morphology was unaltered in the no RF controls (flasks containing nanoparticles, but not exposed to RF) and RF controls (flasks free of nanoparticles but exposed to RF), indicating no effect of nanoparticles or RF treatment alone. Moreover, no significant temperature rise was observed in RF controls, indicating that RF per se could not result in heating; therefore, the temperature rise observed after exposure to RF is mediated by Dex-LSMO nanoparticles.

Effect of hyperthermia on cell morphology
-----------------------------------------

It could be clearly seen by optical microscopy ([Figure 8A](#f8-ijn-10-1609){ref-type="fig"}) that cells exposed to RF-induced Dex-LSMO-mediated hyperthermia showed immediate (0 hours) morphological changes, ie, loss of cell extensions, rounding up and detachment at all temperatures, as compared with no RF controls. The cells heated up to 43°C regained their normal morphology after 24 hours of incubation in fresh growth medium; however, cells heated to 45°C and 47°C were not able to revert to their normal slender morphology even after 24 hours of incubation.

Consistent with the optical microscopy results, AFM images of no RF control cells clearly showed defined boundaries with slender extensions joining neighboring cells ([Figure 8B](#f8-ijn-10-1609){ref-type="fig"}). After RF-induced Dex-LSMO-mediated hyperthermia at 43°C, 45°C, and 47°C, unclear boundaries and marked alterations in cell surface topology were observed at 0 hours ([Figure 8B](#f8-ijn-10-1609){ref-type="fig"}, upper panel). At 24 hours after treatment ([Figure 8B](#f8-ijn-10-1609){ref-type="fig"}, lower panel), cells that were heated at 43°C reverted to a stellate morphology with distinguishable boundaries and a clear nucleus, whereas the cells treated at 45°C and 47°C showed a markedly altered morphology.

To the best of our knowledge, this is the first report showing topological changes in cells after hyperthermia treatment, as seen by AFM. Nonetheless, several research groups have studied morphological changes in cells by optical microscopy after hyperthermia treatment at different temperatures (41°C--46°C) and heating periods.[@b16-ijn-10-1609],[@b21-ijn-10-1609],[@b33-ijn-10-1609] We also observed temperature-dependent changes in cell morphology, as reported by other researchers. However, it must be pointed out that these studies mainly focused on the immediate response (at 0 hours) of cells after heat shock and ignored post treatment recovery.[@b34-ijn-10-1609]--[@b36-ijn-10-1609] In our experiment, cells were visualized not only at 0 hours (immediate changes) but also at 24 hours post treatment to assess the long-term behavior of the cells.

Garcia et al[@b37-ijn-10-1609] observed immediate morphological changes in B16F10 cells after hyperthermia at 45°C, which increased in severity at 24 hours post treatment. These altered cells showed features of late apoptosis and necrosis on flow cytometry. Follow-up 14 days after hyperthermia demonstrated that the cells could not recover from the initial loss of viability occurring within 24 hours, indicating that the morphology at 24 hours post treatment determines the long-term fate of the cell. Thus, in case of Dex-LSMO hyperthermia at 45°C and 47°C, cell death is expected to be the final fate since the altered cell morphology did not revert to normal within 24 hours after treatment.

Effect of hyperthermia on cell viability
----------------------------------------

It has been reported that MNP-mediated hyperthermia can contribute to cell death by damaging the cell membrane.[@b9-ijn-10-1609] Assuming that the effect of Dex-LSMO-mediated hyperthermia is the same, the Trypan blue assay, which is sensitive to membrane permeability, was performed to confirm the morphological changes observed after hyperthermia.

As can be seen in [Figure 9](#f9-ijn-10-1609){ref-type="fig"}, the viability of B16F1 cells was almost 100% in no RF controls, indicating that Dex-LSMO per se was not cytotoxic. A significant decline in cell viability (\~15%) was seen immediately (0 hours) after a single cycle of hyperthermia at 43°C; although it remained constant up to 24 hours. On the other hand, cells treated at 45°C and 47°C showed a greater decrease in viable cell count at 0 hours after a single cycle of hyperthermia. As expected, hyperthermia at 47°C had a greater effect on cell viability as compared with 45°C. A resting period of 24 hours after a single cycle of hyperthermia further reduced the proportion of viable cells to 17% at 45°C and to 4% at 47°C.

Further, exposure of cells to repeated cycles of hyperthermia significantly reduced cell viability at 0 hours after treatment at all three temperatures (graph not shown). At 43°C, repeated hyperthermia could not further reduce cell viability after 24 hours, suggesting that cells can recover from heat shock at 43°C. Nevertheless, cells treated by repeated hyperthermia at 45°C and 47°C showed an \~100% reduction in viability after 24 hours of rest, suggesting that repeated cycles of hyperthermia is a more effective treatment as compared with a single cycle of hyperthermia.

Overall, our results suggest that Dex-LSMO-mediated hyperthermia reduces cell viability in a time-dependent and temperature-dependent manner and that a minimum temperature above 43°C is required to induce irreversible and significant cell death in melanoma cells.

In our previous study, melanoma (A375) cells showed a reduction in viability immediately after Dex-LSMO-mediated hyperthermia (43°C), but resumed proliferation within 72 hours.[@b21-ijn-10-1609] Such a time-dependent and temperature-dependent decrease in cell viability has also been reported by other researchers; however, the extent of cell death varied depending on cell type, with some cells being more susceptible to heat than others. For example, Ito et al[@b38-ijn-10-1609] observed an instant cytostatic effect in rat T9 glioma cells after hyperthermia at 43°C, which continued for 24 hours, but then resumed to normal proliferation within 72 hours. Gao et al[@b39-ijn-10-1609] reported excellent therapeutic efficacy of magnetite-mediated hyperthermia in KB cells, reducing cell viability by 56% and 78% at 45°C and 47°C, respectively.

Detection of cell death by DNA laddering assay
----------------------------------------------

During apoptosis, endogenous endonucleases cleave genomic DNA into oligonucleosome-sized fragments that are multiples of \~180--200 base pairs. When resolved on agarose gel, these fragments have a ladder appearance, which is accepted as a universal hallmark of apoptosis.[@b40-ijn-10-1609],[@b41-ijn-10-1609] Thus, it was important to study whether Dex-LSMO-mediated hyperthermia induces DNA laddering in melanoma cells.

The electrophoretic pattern of DNA isolated from B16F1 cells treated with a single cycle of RF-induced Dex-LSMO-mediated hyperthermia is shown in [Figure 10](#f10-ijn-10-1609){ref-type="fig"}. It can be seen that at 43°C DNA remained intact, in a manner similar to that of the no RF controls, whereas DNA fragmentation appeared 48 hours after hyperthermia at temperatures of 45°C and 47°C.

This result suggests that heating at 43°C may not be able to induce apoptosis, and therefore, not suitable for the treatment of melanoma. However, there is a possibility of a false result because of the smaller population of apoptotic cells. It has already been reported that the DNA ladder may not be visible on agarose gel in biological systems with fewer apoptotic cells or with asynchronous apoptotic cells.[@b41-ijn-10-1609] Therefore; it is likely that Dex-LSMO-mediated hyperthermia at 43°C induced apoptosis in a few cells but was not detectable in the laddering assay. Thus, the result needs to be confirmed by other methods, such as the TUNEL assay.

On the other hand, degradation of DNA by endonucleases is a late event in apoptosis as it requires activation of biochemical events involved in cleavage of DNA.[@b41-ijn-10-1609] This might be the reason why DNA laddering was observed only at 48 hours following treatment at 45°C and 47°C in our experiments.

Unfortunately, we could not get results for three cycles of RF-induced hyperthermia in this experiment, because the majority of the cells detached from the flasks within 24 hours (probably due to rapid cell death) and a sufficient quantity of DNA could not be obtained.

Cell death detection by TUNEL assay
-----------------------------------

In contrast with DNA laddering assay, TUNEL staining can quantify apoptotic cells and detect DNA strand breakage in an individual cell.[@b41-ijn-10-1609] We performed the TUNEL assay on our samples at 0 hours and 24 hours after hyperthermia. Representative fluorescence microscopic images of cells 24 hours after a single cycle of RF-induced hyperthermia at different temperatures are shown in [Figure 11](#f11-ijn-10-1609){ref-type="fig"}. Detection of a TUNEL signal (apoptotic nuclei-specific red fluorescence) confirmed that apoptotic cell death occurred after hyperthermia at all the temperatures tested.

In the control sample (no RF), cells showed normal blue nuclei stained by Hoechst. At 43°C, a few apoptotic cells (red color) could be seen, while the majority of the cells were normal. At 45°C and 47°C, marked apoptosis was observed, as detected by an intense red color in the majority of cells. The TUNEL signal was colocalized with nuclei (merge images), confirming that the signal was due to DNA breakage and not background staining. Moreover, typical features of apoptotic cell death, namely condensed or fragmented nuclei, was clearly seen at 45°C and 47°C, which confirmed that DNA breakage was due to apoptosis not necrosis.

As mentioned earlier, hyperthermia treatment can induce either apoptotic or necrotic cell death, depending on the temperature applied. However, in terms of anticancer activity, apoptosis is recognized as an important mode of cell death, since it leads to genetically determined omission of a single cell, whereas necrosis is traumatic cell death in an unregulated fashion and mostly involves large numbers of cells. While necrosis eventually involves swelling of nuclei, apoptosis exhibits typical nuclear characteristics such as chromatin condensation and DNA fragmentation[@b42-ijn-10-1609],[@b43-ijn-10-1609] which could also be seen in our study. The percentages of apoptotic cells determined by counting \~300 cells are shown in [Figure 12](#f12-ijn-10-1609){ref-type="fig"}. The apoptosis percentage at 0 hours after hyperthermia were \~20%, \~74%, and \~82% at 43°C, 45°C, and 47°C, respectively, whereas ≥98% of cells were found to be apoptotic 24 hours after treatment at temperatures of 45°C and 47°C. When compared with no RF controls, apoptosis at 43°C was not statistically significant at both time points after treatment.

On the basis of the TUNEL results, a minimum temperature above 43°C is required for effective apoptosis in melanoma cells. The marked apoptosis and DNA fragmentation observed at 47°C suggests that a temperature of \~45°C might be needed to achieve maximum cell death by apoptosis and avoid unwanted necrosis. However, investigation of other markers involved in apoptosis, such as caspases, is necessary.

Effect of hyperthermia on induction of HSPs
-------------------------------------------

The results of enzyme-linked immunosorbent assays for HSP70 and HSP90 are shown in [Figure 13A and B](#f13-ijn-10-1609){ref-type="fig"}, respectively. There were no changes in HSP levels in the no RF controls when compared with the B16F1 cells, indicating that Dex-LSMO nanoparticles per se could not induce production of HSPs whereas Dex-LSMO-mediated hyperthermia resulted in temperature-dependent induction of HSPs when compared with no RF controls. The HSP70 concentration increased by \~3-fold, \~4-fold, and \~13-fold at 0 hours and by \~9-fold, \~10-fold, and \~38-fold at 24 hours at 43°C, 45°C, and 47°C, respectively ([Figure 13A](#f13-ijn-10-1609){ref-type="fig"}). Likewise, the HSP90 concentration obtained was \~3-fold, \~5-fold, and \~13-fold at 0 hours, and \~2-fold, \~8-fold, and \~40-fold at 24 hours at 43°C, 45°C, and 47°C, respectively ([Figure 13B](#f13-ijn-10-1609){ref-type="fig"}). Taken together, these results show that induction of HSPs by hyperthermia increased with increasing temperature, and was higher at 24 hours post treatment when compared with 0 hours.

Further, repeated cycles of hyperthermia were found to induce HSP levels that were higher than after a single cycle of treatment. Three cycles of RF-induced Dex-LSMO-mediated hyperthermia could increase the HSP70 level by \~10-fold, \~20-fold, and \~39-fold after heating at 43°C, 45°C, and 47°C, respectively ([Figure 14A](#f14-ijn-10-1609){ref-type="fig"}). However, the HSP90 level was not significantly increased after repeated cycles of RF-induced Dex-LSMO-mediated hyperthermia when compared with a single cycle ([Figure 14B](#f14-ijn-10-1609){ref-type="fig"}). The exact reason for the unaltered level of HSP90 after repeated cycles of hyperthermia has yet to be identified. However, it is suspected that the machinery involved in induction of HSP90 is more sensitive to heat than that for HSP70.

Studies carried out by other research groups using hematopoietic and erythroleukemia cells showed that hyperthermia at 42.5°C and 43°C could induce HSP70 soon after treatment,[@b44-ijn-10-1609],[@b45-ijn-10-1609] which is in agreement with our observations. Vigor observed temperature-dependent effects (ranging from 38°C to 47°C) on induction of HSP70 after 30 minutes of incubator hyperthermia.[@b46-ijn-10-1609] Ito et al[@b38-ijn-10-1609] reported an increase in HSP70 expression in rat T9 glioma cells up to 24 hours, beyond which the HSP levels plummeted.

It is important to note that cells with elevated HSP levels possess an increased ability (\~4--10-fold) to tolerate future hyperthermia treatments. This phenomenon, known as thermotolerance, can last from a few hours to a few weeks.[@b47-ijn-10-1609] It needs to be emphasized that the thermotolerance phenomenon is temperature-dependent and reversible. Moderate/mild hyperthermia (ie, heating at ≤43°C) is reported to promote thermotolerance by inducing HSP expression in cells.[@b48-ijn-10-1609] It has been observed that when these cells are reincubated at 37°C, HSP expression drops back to basal levels with time.[@b21-ijn-10-1609],[@b49-ijn-10-1609] However, with an increase in temperature above a distinct threshold (usually above 43°C), cells cannot achieve any further HSP induction and the protein-folding capacity of HSPs becomes exhausted. Overload of such non-functional HSPs causes protein misfolding and aggregation, resulting in cell death.

Keeping this fact in mind, the combined results of induction of HSPs and cell viability observed in the present study suggest that the enhanced expression of HSP70 and HSP90 after Dex-LSMO-mediated hyperthermia at 43°C is probably involved in thermotolerance, since cells could recover even after repeated cycles of hyperthermia. In contrast, the enhanced level of HSPs at 45°C and 47°C might be involved in promotion of apoptosis, since almost all the cells underwent cell death, 24 hours after repeated cycles of hyperthermia.

It is worth mentioning that HSPs are not only interesting because of their various biological functions but also because of their potential benefit in the treatment of cancer. In contrast with normal cells, tumor cells can express HSPs on their cell surface after hyperthermia. These surface-expressed HSPs (particularly HSP70 and HSP90) act as signals for the immune system and selectively sensitize tumor cells for immune attack, resulting in antitumor activity.[@b50-ijn-10-1609]--[@b52-ijn-10-1609] Based on the enhanced expression of HSP70 observed in our study, it can be safely assumed that RF-induced Dex-LSMO-mediated hyperthermia may also cause immunogenicity and result in tumor regression.

Conclusion
==========

The present study demonstrates the excellent therapeutic efficacy of Dex-LSMO-mediated hyperthermia in melanoma cells in vitro. This treatment was able to decrease cell viability, enhance apoptosis, and induce HSP expression in a time-dependent and temperature-dependent manner. These data, along with our earlier observation of internalization of Dex-LSMO nanoparticles,[@b25-ijn-10-1609] highlight the potential of Dex-LSMO nanoparticles as agents for inducing intracellular and localized hyperthermia to treat melanoma and other types of cancers.
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![Hot Shot System 2 radiofrequency generator attached to a pancake-shaped coil. The pancake-shaped coil used for the temperature rise in the cell culture flask is magnified in the inset.](ijn-10-1609Fig1){#f1-ijn-10-1609}

![X-ray diffraction spectrum of LSMO nanoparticles.\
**Abbreviation:** LSMO, La~0.7~Sr~0.3~MnO~3~.](ijn-10-1609Fig2){#f2-ijn-10-1609}

![High-resolution transmission electron microscopy image of dextran-coated LSMO nanoparticles.\
**Notes:** A uniform layer of dextran around the LSMO core can be observed (black arrows).\
**Abbreviation:** LSMO, La~0.7~Sr~0.3~MnO~3~.](ijn-10-1609Fig3){#f3-ijn-10-1609}

![Fourier transform infrared spectra for Dex-sulfate, bare LSMO, and Dex-LSMO nanoparticles.\
**Abbreviations:** Dex-sulfate, dextran sulfate sodium salt; Dex-LSMO, dextran-coated LSMO; LSMO, La~0.7~Sr~0.3~MnO~3~; NP, nanoparticle.](ijn-10-1609Fig4){#f4-ijn-10-1609}

![Plot of magnetic moment (M) versus field (H) at 300 K. Inset shows hysteresis loop for nanoparticles on an expanded scale.\
**Abbreviations:** Dex-LSMO, dextran-coated LSMO; LSMO, La~0.7~Sr~0.3~MnO~3~.](ijn-10-1609Fig5){#f5-ijn-10-1609}

![Induction heating curve for different concentrations of dextran-coated LSMO nanoparticles.\
**Abbreviation:** LSMO, La~0.7~Sr~0.3~MnO~3~.](ijn-10-1609Fig6){#f6-ijn-10-1609}

![Optical microscopic images (100×) of (**A**) B16F1 cells, (**B**) no RF control cells, and (**C**) RF control cells. Arrows show aggregated dextran-coated LSMO nanoparticles.\
**Abbreviations:** LSMO, La~0.7~Sr~0.3~MnO~3~; RF, radiofrequency.](ijn-10-1609Fig7){#f7-ijn-10-1609}

![(**A**) Optical microscopic images (100×) of B16F1 cells at 0 hours and 24 hours after a single cycle of RF-induced dextran-coated LSMO-mediated hyperthermia at different temperatures. (**B**) Atomic force microscopy images of B16F1 cells, 0 hours (upper panel) and 24 hours (lower panel) after a single cycle of RF-induced dextran-coated LSMO-mediated hyperthermia at different temperatures as compared with no RF controls.\
**Abbreviations:** LSMO, La~0.7~Sr~0.3~MnO~3~; RF, radiofrequency.](ijn-10-1609Fig8){#f8-ijn-10-1609}

![Viability of B16F1 cells at 0 hours and 24 hours after a single cycle of RF-induced dextran-coated LSMO-mediated hyperthermia. \*\*\**P*\<0.001, one-way analysis of variance followed by Dunnett's test.\
**Abbreviations:** LSMO, La~0.7~Sr~0.3~MnO~3~; RF, radiofrequency.](ijn-10-1609Fig9){#f9-ijn-10-1609}

![Gel electrophoresis of DNA extracted from B16F1 cells at different time points (ie, 0, 24, and 48 hours) after a single cycle of RF-induced dextran-coated LSMO-mediated hyperthermia.\
**Abbreviations:** LSMO, La~0.7~Sr~0.3~MnO~3~; RF, radiofrequency.](ijn-10-1609Fig10){#f10-ijn-10-1609}

![Hoechst/TUNEL staining of B16F1 cells 24 hours after a single cycle of RF-induced dextran-coated LSMO-mediated hyperthermia as compared with no RF control.\
**Abbreviations:** LSMO, La~0.7~Sr~0.3~MnO~3~; RF, radiofrequency; TUNEL, terminal deoxynucleotidyl transferase-dUTP nick end labeling.](ijn-10-1609Fig11){#f11-ijn-10-1609}

![Percentage of apoptotic cells at 0 hours and 24 hours after treatment with a single cycle of RF-induced dextran-coated LSMO-mediated hyperthermia. \*\**P*\<0.01, \*\*\**P*\<0.001, one-way analysis of variance followed by Dunnett's test.\
**Abbreviations:** LSMO, La~0.7~Sr~0.3~MnO~3~; RF, radiofrequency.](ijn-10-1609Fig12){#f12-ijn-10-1609}

![(**A**) HSP70 and (**B**) HSP90 induction at 0 hours and 24 hours after a single cycle of RF-induced dextran-coated LSMO-mediated hyperthermia. \*\*\**P*\<0.001, one-way analysis of variance followed by Dunnett's test.\
**Abbreviations:** HSP, heat shock protein; LSMO, La~0.7~Sr~0.3~MnO~3~; RF, radiofrequency.](ijn-10-1609Fig13){#f13-ijn-10-1609}

![Induction of (**A**) HSP70 and (**B**) HSP90 after one or three cycles of RF-induced dextran-coated LSMO-mediated hyperthermia. \*\*\**P*\<0.001, one-way analysis of variance followed by Dunnett's test.\
**Abbreviations:** HSP, heat shock protein; LSMO, La~0.7~Sr~0.3~MnO~3~; RF, radiofrequency.](ijn-10-1609Fig14){#f14-ijn-10-1609}
